Bone morphogenetic proteins (BMPs) are well known for their osteoinductive activity, yet harnessing this capacity remains a high-priority research focus. We present a novel technology that delivers high BMP-2 levels at targeted locations for rapid endochondral bone formation, enhancing our preexisting cell-based gene therapy system by microencapsulating adenovirus-transduced cells in nondegradable poly(ethylene glycol) diacrylate (PEGDA) hydrogels before intramuscular delivery. This study evaluates the in vitro and in vivo viability, gene expression, and bone formation from transgenic fibroblasts encapsulated in PEGDA microspheres. Fluorescent viability and cytotoxicity assays demonstrated >95% viability in microencapsulated cells. ELISA and alkaline phosphatase assays established that BMP-2 secretion and specific activity from microencapsulated AdBMP2-transduced fibroblasts were not statistically different from monolayer. Longitudinal transgene expression studies of AdDsRed-transduced fibroblasts, followed through live animal optical fluorescent imaging, showed that microencapsulated cells expressed longer than unencapsulated cells. When comparable numbers of microencapsulated AdBMP2-transduced cells were intramuscularly injected into mice, microcomputed tomography evaluation demonstrated that the resultant heterotopic bone formation was approximately twice the volume of unencapsulated cells. The data suggest that microencapsulation protects cells and prolongs and spatially distributes transgene expression. Thus, incorporation of PEGDA hydrogels significantly advances current gene therapy bone repair approaches.
Introduction
A lthough bone possesses the capacity to repair, major insults often require surgical intervention and bone grafting. 1 In the United States, *550,000 fractures require bone grafting annually, 2 as do millions of total joint arthroplasties, spinal arthrodeses, maxillofacial surgeries, and implant fixations. 3 In an effort to circumvent the obstacles associated with grafts, researchers have used osteoinductive growth factors, such as bone morphogenetic proteins (BMPs). 4, 5 BMP-2 possesses the ability to induce de novo bone formation at targeted locations and is FDA approved.
Nevertheless, many clinicians have found recombinant BMP-2 to have inconsistent efficacy, especially in complex clinical scenarios such as traumatic injury. 6, 7 These findings have led to a renewed emphasis to develop better methods of delivering BMP-2. 8 BMPs are rapidly cleared when administered in solution, 5 necessitating a carrier, like collagen, that can retain and sequester BMPs. 4, 5 BMPs have natural affinity for collagen. 2, 5, 8 Unfortunately, collagen can elicit an immune response, 5, 9 presents handling difficulties, and does not maintain a stable form, and use of a collagen sponge reduces the bioavailability of BMP to such a degree that large amounts are necessary for a therapeutic response. 4, 5, 9 Given these drawbacks, the search for alternative carrier materials that are biocompatible, biodegradable, osteoinductive, and osteoconductive is of the utmost importance.
are bioinert and mimic many physical properties of soft tissues. 4, 11 Because of the immunoprotection they can provide, hydrogels are also used for cell encapsulation. 4, 11 PEGDA hydrogels have demonstrated immunoprotection of porcine islets while permitting the diffusional release of insulin, returning diabetic mice to normoglycemia. 12 Here we present the use of PEGDA hydrogels to microencapsulate cells that produce and secrete high levels of BMP-2. Previous attempts to encapsulate our cell-based gene therapy system into a macroscopic hydrogel resulted in a significant decrease in BMP-2 release and resultant bone formation as compared to unencapsulated cells. 4 Here we hypothesize that microencapsulation will permit greater BMP-2 release than macroscopic hydrogels, and that the hydrogel microspheres will protect these cells from clearance and thereby prolong their transgene expression. We first evaluate the fate of the microencapsulated cells both in vitro and in vivo through measures of viability and transgene expression. Then, we determine the microencapsulated cells efficacy in forming bone. In this study, we utilize a nonobese diabetic/ severely compromised immunodeficient mouse model to evaluate our transgenic cells in vivo without the confounding effects of an immune system.
Materials and Methods

Cell culture
Human diploid fetal lung fibroblasts (MRC-5) were obtained from American Type Culture Collection (ATCC, Manassas, VA) and propagated in a humidified incubator at 378C/5% CO 2 in Dulbecco's modified Eagle's medium (Sigma, St. Louis, MO) supplemented with 10% fetal bovine serum (HyClone, Logan, UT), 1000 U/L penicillin, 100 mg/L streptomycin, and 0.25 mg/mL amphotericin B (Invitrogen Life Technologies, Gaithersburg, MD). 13 Murine bone marrow stromal cells (W20-17; a gift from Genetics Institute, Cambridge, MA) were propagated as previously described. 14 
Adenoviruses and cell transduction
Replication-defective E1-E3 deleted first-generation human type 5 adenoviruses (Ad) were constructed to contain cDNAs for BMP-2, DsRed, or no transgene (Empty) in the E1 region of the virus. 15 For the viruses AdBMP2, AdDsRed, and AdEmpty, the viral particle (VP)-to-plaque-forming unit ratio was 1:83, 1:2, and 1:111, respectively, and all viruses were confirmed to be negative for replication-competent adenovirus. MRC-5 cells were transduced as previously described with AdBMP2, AdDsRed, or AdEmpty cassette at a viral concentration of 2500 VP/cell. 15, 16 Briefly, virus was added to fresh supplemented Dulbecco's modified Eagle's medium and incubated with cells at 378C overnight.
Synthesis of PEGDA
PEGDA was prepared by combining 0.4 mmol/mL acryloyl chloride, 0.2 mmol/mL triethylamine, and 0.1 mmol/mL dry PEG (10 kDa; Fluka, Milwaukee, WI) in anhydrous dichloromethane under argon overnight. The resulting PEGDA was then precipitated with ether, filtered, lyophilized, and stored under argon at À208C. PEGDA was analyzed by proton NMR (Avance 400 MHz; Bruker, Billerica, MA; solvent, N,N-dimethylformamide-d7) and only materials with a degree of acrylation >85% were used.
Microencapsulation
Hydrogel precursor solutions were formed by combining 0.1 g/mL 10 kDa PEGDA (10% w/v) with 1.5% (v/v) triethanolamine/HEPES-buffered saline (pH 7.4), 37 mM 1-vinyl-2-pyrrolidinone, 0.1 mM eosin Y, and transduced MRC-5 cells for a final concentration of 6Â10 4 cells/mL. A hydrophobic photoinitiator solution (2,2-dimethoxy-2-phenyl acetophenone in 1-vinyl-2-pyrrolidinone; 300 mg/ mL) was combined in mineral oil (3 mL/mL, embryo tested, sterile filtered; Sigma-Aldrich, St. Louis, MO). The microspheres were formed after adding the hydrogel precursor solution into the mineral oil, emulsifying by vortex for 2 s while exposing to white light for an additional 20 s. Microspheres were isolated by two medium washes followed by 5 min centrifugation at 1350 rpm. Cells and microspheres were quantified by measuring the amount of soluble formazan produced by cellular reduction of the tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS]. Briefly, cells were counted with a Coulter Counter and a serial dilution was used as a standard curve. Microsphere and cell samples were placed in the Transwells (0.4 mm pore polycarbonate membrane Transwell inserts; Corning, Inc., Lowell, MA) in a 24-well plate with 1 mL of culture medium, and 200 mL of CellTiter 96 Ò AQueous One Solution Reagent was added into each well. The plate was incubated for 1 h at 378C in a humidified, 5% CO 2 atmosphere, and then the transwells were removed and the absorbance of the medium was recorded at 490 nm. To ensure proper comparisons between the microspheres and the monolayer cells, we measured the loss of cells following the encapsulation procedure and loss in the injection needle, and then accounted for and equalized cell numbers between groups before injection.
Preparation of cells for intramuscular injection
Cells transduced with AdBMP2, AdDsRed, or AdEmpty cassette were removed with trypsin, and separated into two groups: direct injection and microencapsulation. Cells directly injected were suspended at a concentration of 5Â10 6 cells per 100 mL of phosphate-buffered saline and aspirated into a syringe with a 22-gauge needle. Microencapsulated cells were encapsulated at a concentration of 5Â10 6 cells per 300 mL of microspheres, which were in turn suspended in 1 mL of phosphate-buffered saline and aspirated into a syringe with an 18-gauge needle.
Viability assays
MRC-5 cells were transduced with AdBMP2, harvested, and encapsulated in microspheres as described. Microspheres were maintained in culture for 1 week postmicroencapsulation, and then incubated with media and 2 mM calcein acetoxymethyl ester and 4 mM ethidium homodimer (LIVE/DEAD Ò Viability/Cytotoxicity Kit for mammalian cells; Invitrogen, Molecular Probes, Eugene, OR) for 20 min at 378C in a humidified, 5% CO 2 incubator. Microspheres were imaged under a confocal microscope (ex/em *495 nm/ *515 nm). Fluorescent and differential interference 3728 OLABISI ET AL.
contrast projections of Z-stacks were created. The red channel was thresholded to eliminate diffuse virus staining but retain nuclear stains. Total cells were counted from differential interference contrast images, live cells from green fluorescent images, and dead cells from red fluorescent images to obtain a measure of viability.
BMP-2 quantification
BMP-2 expression was evaluated for MRC-5 cells transduced with AdBMP2 or AdEmpty4 using ELISA and alkaline phosphatase (AP) assays. ELISAs were performed with a BMP-2 Quantikine ELISA kit from R&D Systems (Minneapolis, MN) using culture supernatant collected 72 h after adenovirus transduction. Transduced cells were microencapsulated or plated directly in 0.4 mm pore polycarbonate membrane Transwell inserts (Corning, Inc.) and W20-17 cells were cultured in the wells. After 72 h, W20-17 cells were assayed for AP activity. 15 Cellular AP was extracted by conducting three freeze-thaw cycles on the W20-17 cells in a 100 mM/cm 2 concentration of 25 mM Tris-HCl (pH 8.0) and 0.5% Triton X-100. A chemiluminescent disodium 3-(4-methoxyspiroy distributes-4-yl) phenyl phosphate (CSPD) substrate with Sapphire-II enhancer (Tropix; Applied Biosystems, Foster City, CA) was added to the samples for enhanced AP sensitivity. The light output after a 2 s delay was integrated from each sample for 10 s with a luminometer (TD-20/20; Turner BioSystems, Sunnyvale, CA). AP levels were recorded in relative luminescence units. These AP levels were then normalized to protein content with the bicinchoninic acid assay. Data are presented as percent AP induction relative to that of basal control cells not exposed to BMP-2.
Animal studies
All animal studies were performed in accordance with an Institutional Animal Care and Use Committee (IACUC)-approved protocol. Microencapsulated or unencapsulated transduced cells were delivered by intramuscular injection into the hind limb quadriceps muscle of nonobese diabetic/ severely compromised immunodeficient female mice (8-12 weeks old; Charles River Laboratories, Wilmington, MA) (n ¼ 12).
Live animal optical fluorescence imaging
The hind limbs (n ¼ 12) of six mice were imaged longitudinally for 34 days following injection of fibroblasts (AEmicroencapsulation) transduced with AdDsRed (2500 VP/ cell). Fluorescent imaging was performed at excitation and emission wavelengths of 568 nm and 610 AE 30 nm, respectively. The excitation light was supplied by a 200 mW Argon/ Krypton laser (Model No. 643R-AP-A01; Melles Griot Laser Group, Carlsbad, CA), and the emission light was collected after it passed through holographic (SuperNotch-PlusÔ 568 nm; Kaiser Optical Systems Inc., Ann Arbor, MI) and bandpass (HQ610/60m; Chroma Technology Corporation, Bellows Falls, VT) filters and was focused onto an electronmultiplying charge-coupled device (EMCCD) camera (Photon Max 512; Princeton Instruments, Trenton, NJ) using a Nikon camera lens (Nikkor 28 mm; Nikon, Inc., Melville, NY). Exposure times were *200 ms. Image analysis was performed using ImageJ. Fluorescence intensity (FI) was measured and recorded for a region of interest (ROI) for each site of the animal injected with cells. The ROI dimensions were constant for every site imaged and each ROI was chosen to include the optimal fluorescent signal for the given site. A target to background ratio (TBR) of FI was calculated for each site by subtracting a background (B) ROI from the target (T) ROI, and then dividing the result by the background (B) ROI; TBR ¼ (T À B)/B. The TBR value was plotted versus time (i.e., day postinjection of cells). Results represent the mean TBR of FI for unencapsulated and/or encapsulated AdDsRed or AdEmpty transduced cells (n ¼ 4 per group).
Heterotopic bone assay
Microencapsulated or unencapsulated AdBMP2-transduced cells were injected into the hind limb quadriceps muscles (n ¼ 12) of six mice. Animals were euthanized 2 weeks after injection of the transduced cells.
Histological analysis
Mouse hind limbs were harvested, fixed in formalin, and decalcified. Hind limbs were then divided longitudinally and sectioned from the inner surface outward. Serial sections (5 mm) encompassing the entire hind limb reactive site were prepared. Every fifth slide was stained with hematoxylin and eosin. All sections were analyzed by light microscopy. 
Microcomputed tomography
Microcomputed tomography (micro-CT) examinations were obtained of both legs at 15 mm resolution (eXplore Locus SP; GE Healthcare, London, ON, Canada). A hydroxyapatite phantom was scanned alongside each specimen and was used to convert the scan data from arbitrary units to units of equivalent bone density. A 3D ROI was defined for each specimen to isolate the new mineralized tissue from the normal skeletal structures (femur, tibia, and patella). The scans were thresholded to exclude any tissue with a density <100 mg/cc, and the tissue volume within the ROI was calculated as a measure of the total amount of mineralized tissue. The tissue mineral content was measured as an estimate of the total mineral in the region and the tissue density was calculated to quantify the density of the mineralized tissue. The resulting data were analyzed by one-way analysis of variance.
Statistical analysis
For BMP-2 ELISAs and AP assays, all data were taken in triplicate and reported as mean and standard deviation. Values for optical fluorescence and bone mineralization data were obtained as described and also reported as mean and standard deviation. A Student's t-test was performed for all measurements between controls and each experimental condition. Post hoc power analyses were conducted for data from in vivo assays to estimate the power to detect changes in gene expression and bone properties. AP activity in W20-17 cells after addition of conditioned media from AdBMP2-or AdEmpty-transduced cells (25000 VP/cell) (monolayer), or AdBMP2-transduced cells encapsulated in PEGDA microspheres. As a negative control, we also included culture supernatant from untransduced cells. AP activity is depicted as the average RLU, where n ¼ 3. Error bars represent means AE SD for n ¼ 3. A Student's t-test was applied to demonstrate significance. AdBMP2-transduced monolayer and microsphere groups had significantly greater AP activity and BMP-2 concentration levels ( p < 0.05) when compared against other groups, but no differences when compared to each other. In other words, microencapsulation had no effect on BMP-2 release and function. AP, alkaline phosphatase; PEGDA, poly(ethylene glycol) diacrylate; RLU, relative chemiluminescence units.
Results
Validation of the microspheres containing
3730
OLABISI ET AL.
dium homodimer freely passed through the permeable membranes of dead cells to bind the DNA and fluoresce red (Fig. 1) . Encapsulated cells showed high viability 95% AE 0.5%, suggesting that they were not adversely affected by the microencapsulation process. The AP activity of W20-17 cells exposed for 72 h to the culture supernatants from AdBMP2-transduced cells directly plated or encapsulated in microspheres was significantly elevated over control cells, but there was no difference between these groups, indicating that the BMP-2 released is functionally active (Fig. 2A) . A 9 day time course of BMP-2 levels in culture supernatant was quantified by ELISA to be *17,500 and 15,000 pg/mL for directly plated and microencapsulated cells, respectively (Fig.  2B) . No BMP-2 was detected in either culture supernatant from AdEmpty cassette-transduced cells, or control cells.
In vivo comparison of transgene expression with and without encapsulation in PEGDA hydrogel
Two days after the initial injection of cells, dsRED expression was readily detected whether cells were encapsulated or not, and in no cases were cells or microspheres detected migrating from the injection site (Fig. 3A) . The dsRED expression, as measured by FI at 610 AE 30 nm, was significantly elevated in microencapsulated Ad5dsRED-transduced cells compared to other groups (Fig. 3B) . Microencapsulated control cells transduced with AdEmpty cassette had no fluorescent signal at 610 AE 30 nm, demonstrating that neither the cells nor the PEGDA were autofluorescing. FI in animals receiving Ad5dsRED-transduced cells directly injected was substantially reduced after 7 days and was indistinguishable from control. In microencapsulated Ad5dsRED-transduced cells, this 610 AE 30 nm dsRED fluorescent signal was significantly elevated over that of microencapsulated control cells for 15 days (Fig. 3B) . After 15 days, these levels dropped; however, signal was still detectable (Fig. 3C, arrows) in some animals, suggesting that the microencapsulated cells remained viable to express the DsRed transgene. Statistical power to detect intensity over control ranged from 100% in microencapsulated cells to 99.7% in directly injected cells, and power to detect the difference between microencapsulated and unencapsulated cells was 88%.
In vivo bone formation with and without microencapsulation in PEGDA hydrogels
Micro-CT analysis of bone formation showed a significantly greater volume of heterotopic ossification in tissues receiving microspheres (Fig. 4A-C) than those receiving directly injected cells (Fig. 4B-D) . Statistical power to detect differences between volume formed in these groups was 72.5%. Cross-sectional micro-CT analysis of the newly formed bone revealed a similar architecture between the groups. Heterotopic bone formed by both the microencapsulated cells and directly injected cells had a pattern of dense bone surrounding a hollow interior (Fig. 4B,E) ; however, the circumference of bone within the directly injected cells was significantly smaller. Microencapsulated AdBMP2-transduced cells produced approximately twice the bone volume of unencapsulated cells (Fig. 5B) . Despite the volumetric increase, the bone tissue mineral content was statistically similar between these groups, although trending toward an elevation in samples that received the microspheres (Fig. 5A ). This corresponds with the change in tissue mineral density of the new bone surrounding the microspheres (Fig. 5C ). The newly formed bone appears to be slightly less dense, leading to the overall similarity in mass between the two groups. Statistical power to detect differences between bone density in these groups was 76.7%.
From histological analysis, both groups had significant new bone formation within the muscle (Fig. 6 ). In tissues that had received the direct injection of AdBMP2-transduced cells, there was a small compact piece of bone forming a ringlike structure encircling what appears to be blood and tentative stroma, and just exterior to this structure was significant adipose (Fig. 6A) . A similar structure was observed in tissues that had received microspheres (Fig. 6B) . Since the microspheres did not degrade, they appear histologically as gaps or holes within the matrix (Fig. 6B) . Thus, despite the presence of nondegradable microspheres, both structures were patterned to have a denser bone structure with a bone marrow-like cavity on the interior.
Discussion
Here we present a novel system for the sustained production and release of BMP-2 in a targeted manner. This approach expands on our previously reported cell-based gene therapy system, which successfully employs adenovirus transduction of fibroblasts to express high levels of BMP-2 at a targeted location. 4, 13, 17 High levels of BMP-2 can lead to rapid heterotopic ossification. 6, 13 We previously demonstrated rapid clearance of AdBMP2-transduced cells, 13, 17 thus limiting both the levels and duration of BMP-2 that can be achieved locally. Thus, we encapsulated the transduced cells within PEGDA hydrogel microspheres. Careful manipulation of their tunable physical characteristics enable PEGDA hydrogels to better approximate a tissue of interest, to regulate nutrient/waste diffusion, or to prevent interaction with immune cells. 4, 11 Current carriers in clinical use, such as collagen sponges, do not retain BMP-2 efficiently, require large amounts of recombinant BMP-2 for a therapeutic effect, and are often plagued with variability, 
FIG. 5.
Quantification of the heterotopic ossification using microcomputational analysis. Asterisks indicate statistical difference between groups (p < 0.05). Cells were transduced with AdBMP2 and either directly injected or encapsulated into microspheres prior to injection, and the resultant heterotopic bone was analyzed 2 weeks later. Tissue parameters: (A) bone tissue mineral content, (B) bone volume of mineralized tissue, and (C) bone tissue mineral density were calculated for the newly formed bone (n ¼ 6 per group). The means and standard deviations for each group were calculated and compared using a one-way analysis of variance. Results indicate that mineral content is statistically equivalent ( p ¼ 0.2) between the groups, whereas the AdBMP2-transduced cells in microspheres had a significantly greater volume ( p ¼ 0.038) than the AdBMP2-transduced cells directly injected. Alternatively, the bone tissue mineral density was significantly denser for the group receiving the cells directly as compared to those in microspheres ( p ¼ 0.029). (D) A 3D volume rendering of new bone formed in cell only and microencapsulated cell groups, respectively. such as differences in handling, material properties, and, in some cases, triggering immunogenic responses. 4, 5, 9 Further, because collagen can bind BMP-2, our previous studies suggest that it reduced the efficacy of BMP-2 in general. 18 Additionally, the inflammation associated with the collagen sponge can also reduce the ability to produce targeted bone formation.
Our current approach avoids these issues because we use a biocompatible synthetic carrier, which minimizes immune response and does not bind BMP-2. In addition, our approach is independent of cell line, permitting the transduction of any type of cell, 19 and with efficient transduction can deliver functional BMP-2 continually to the target site over several days. Further, we are able to get high transduction efficiencies, requiring a modest quantity of cells and microspheres for a therapeutic effect. We previously implanted AdBMP2-transduced cells that were macroencapsulated in larger hydrogels to demonstrate that encapsulated cells could continue to produce bone. 4 In the current study, we demonstrate that microencapsulated cells express and release high levels of BMP-2 and produce more bone volume than unencapsulated cells. Microencapsulation permits delivery via injection, avoiding surgery.
Viability and cytotoxicity assays confirmed cell survival of the microencapsulation process, while assays to determine BMP-2 activity and release from the microspheres confirmed that the hydrogels did not impede the protein's release. The release of proteins from hydrogels is related both to diffusion distances and the hydrogel mesh size. 20 The hydrogels in the current study were formed with 10% 10 kDa PEGDA, which has been estimated to have a mesh size of 280 Å . 21 Proteins having radii smaller than the hydrogel mesh size enjoy relatively free diffusion through the polymer. 22 Mature BMP-2 is a small protein (*16 kDa), and it has been suggested that it dimerizes immediately after synthesis. The biologically active form of BMP-2 is a homodimer whose dimensions are 70Â35Â30 Å . 23 Thus, according to the literature, our hydrogel microspheres should have released the BMP-2, which our data confirmed. ELISAs performed demonstrate equivalent BMP-2 levels from AdBMP2-transduced cells in microspheres and monolayers. The murine bone marrow stromal cell line, W20-17 cells, has been shown to respond to functional BMP-2 by undergoing osteogenesis with a rapid increase in AP.
14 AP assays using these cells showed no difference between microencapsulated and unencapsulated AdBMP2-transduced cells, demonstrating that the protein that diffused through the PEGDA hydrogel possessed similar activity as BMP-2 in culture supernatant from cells directly plated.
The millimeter-scale hydrogels employed in our previous study were a proof of concept and well exceeded the diffusion limit of oxygen. 24 The radii of the microspheres in this study were roughly in the 50-150 mm range, providing excellent cell survival. Given the same volume of PEGDA carrier, when cells were (1) encapsulated in a single hydrogel, 4 (2) equally divided into four hydrogels, 4 or (3) microencapsulated, the greatest amount of detectable BMP-2 in the culture supernatant came from the microspheres, which released identical levels as the monolayer. Our current data confirm our hypothesis that optimal BMP-2 secretion is achieved when cells are encapsulated into the smaller microsphere structures. Further, the data show that the PEGDA hydrogel material is not affecting the production, secretion, or diffusion of BMP-2 within the microspheres.
Transduction with dsRED enabled the evaluation of in vivo gene expression. Because solution spread is a function of injection volume, 25, 26 dsRED expression in the tissues receiving the microspheres encompasses a larger volume than the unencapsulated counterpart. Although the increased volume can be explained by the difference in injection volume, the magnitude of expression should not be affected by injection volume. Nevertheless, our results demonstrate an increase in FI of microencapsulated cells for 15 days over unencapsulated cells. Since this result cannot be explained by volume difference, it suggests that the elevated intensity is a result of the microencapsulation, likely protecting these cells from clearance. This result was similar to our previous findings where the delivered cells are rapidly cleared. 13 Collectively, the data suggest that microencapsulation prolongs transgene expression within the tissues, confirming our hypothesis.
Further, in vivo results confirm that microencapsulation does not interfere with expression of the BMP-2 transgene. Since bone formation occurred immediately surrounding the microspheres, the volume of new bone formation corresponded to the volume of material delivered. Despite the increased volume, the mass of new bone formed was equivalent between groups. The initial bone formation response may be directly related to cell number initially injected, which was equivalent in microencapsulated and unencapsulated groups. Although previous work has demonstrated that bone is formed in as little as 1 week postinjection, 13 it is possible that our 2 week time point was too early to observe a maximal result in microspheres. The bone formation immediately adjacent to the microspheres could potentially be exploited since the microspheres can be drained and applied as a paste. Thus, exact spatial placement of the transduced cells and resultant bone formation via microsphere delivery could produce bone in a desired location of a specified shape and size. This is a critical parameter for application of the therapy to traumatic bone injury.
Surprisingly, marrow-like structures formed in both cases with similar patterning to the normal skeleton. This indicates that despite the hydrogel's capacity to dictate the shape of the newly forming bone, it does not interfere with the structural patterning that is part of the biology of bone formation.
The microspheres demonstrated their capacity to form equivalent amounts of bone to unencapsulated cells. The current study was conducted in an immune-deficient animal model to demonstrate the best bone formation results. With nonautologous cells in immune-competent animals, bone formation does not proceed. Before examining the boneforming capacity of these cells in an immune competent animal, it was necessary to demonstrate that microsphere encapsulation did not decrease the amount of bone formed. The decreased density of the bone formed by the microspheres does not indicate poorer quality bone, but simply reflects the larger volume of bone formed: recall, density is mass/volume. When this relation is applied to our bone formation results, the calculated density corresponds well to the measured density. Moreover, the decrease in bone density is only by 17%. As aforementioned, it is possible that later time points will reveal that the microspheres' bone 3734 OLABISI ET AL.
density eventually reaches that of the directly injected cells. Or alternately, this 17% difference may not matter-current clinical measures of bone mineral density mark normal as AE1 standard deviation from peak bone mineral density-a measure that corresponds to bone mineral density differences of 30%. 27 
Summary and Conclusions
In this study the effect of microencapsulating AdBMP2-transduced fibroblasts before injection was evaluated. The microsphere structures were evaluated in vitro for viability and BMP-2 activity and secretion, and then examined in vivo for transgene expression and viability. Although our measures established prolonged in vivo expression, they did not capture a prolonged in vivo response, and further studies at later time points would be necessary to confirm that prolonged BMP-2 expression would lead to an increased bone formation response. Nevertheless, the hydrogel microspheres produced equivalent amounts of bone in an equivalent amount of time. This is significant because PEGDA hydrogels have demonstrated immunoprotection of xenogeneic donor cells, preserving their function. 12 This is the first step toward bone formation using nonautologous cells in an immune-competent model. Our system is the first of its kind to induce bone formation and may impact gene therapy approaches to come.
